Introduction
The pattern electroretinogram (PERG) is a retinal biopotential that is evoked when a high-contrast patterned stimulus (alternating stripes or checkerboards) is viewed on a television monitor [1] . When the alternation rate is slow (typically 2-4 reversals per second), a transient PERG is generated with a waveform characterized by a positive wave peaking about 50 ms after the contrast reversal (P50), followed by a negative wave peaking about 95 ms after contrast reversal (N95). For faster reversal rates (typically 16 reversals per second), a steady-state, sinusoidal-like waveform is generated, whose period corresponds to the reversal frequency [2] . While the traditional flash ERG is unaltered in conditions that impair retinal ganglion cell (RGC) function, the PERG closely depends on normal RGC activity, and therefore represents an objective and direct measure of RGC function [3] [4] [5] . The PERG has been shown by many investigators to be altered in ocular hypertension [6, 7] , for example, and glaucoma (see [8, 9] for a review). Recent developments of the technique allow easy recording in the clinical setting with good reproducibility [10 •• ] . This article will review the PERG and the resurgence of interest in this complementary technique to aid in the earlier diagnosis and monitoring of pre-perimetric glaucoma. Recent publications comparing PERG with the photopic negative response and the multifocal PERG will also be reviewed.
Pattern electroretinogram in normal subjects
Several previous reports (for example, [11, 12] ) have demonstrated that the PERG amplitude and phase decrease (latency increases) with increasing age in normal controls. These results were confirmed by Porciatti and Ventura [10 •• ] using a new paradigm called PER-GLA (PERG for glaucoma), where skin electrodes are taped on the lower eyelids, and steady-state responses are automatically processed. The setup for non-invasive PERG recording, and examples of normal and abnormal responses, are displayed in Figs. 1 and 2, respectively. Physiological age-related PERG changes may be due to neural losses as well as reduction of retinal illuminance resulting from senile miosis, and reduction in image contrast secondary to cataract or other opacities of the optical media. When the response is normalized for senile PERGs have an approximately sinusoidal waveform, whose frequency corresponds to the reversal rate. The analyzed period (122.8 ms) exactly corresponds to two contrast reversals. PERG waveforms are automatically analyzed by Digital Fourier Transform to isolate the PERG sinusoidal component (16.6 Hz) from the background noise, and measure its amplitude in microvolts and phase in radians (latency) (right-hand tables). Amplitude and phase are also expressed in standard deviations (SDs) from age-corrected normal averages (right-hand tables) and plotted one against the other in a polar diagram (center panels). The box in the polar diagram represents the 95% (±2 SD) tolerance interval for amplitude (vertical) and phase (horizontal). In the example, the right eye has an amplitude and phase close to the age-corrected normal average. The left eye has a reduced amplitude (about -6 SDs from normal) and a delayed phase (about -8 SDs from normal). The program also calculates an index of intrinsic variability (coefficient of variation (CV) between the amplitude and phase recorded during the first 1.5 minutes and the second 1.5 minutes of the acquisition) and an index of a noise response (amplitude and phase of a difference waveform between the first 1.5 minutes and the second 1.5 minutes of the acquisition). miosis [11, 12] , however, and senile lenses are substituted with pseudophakic implants [12] , the PERG of aged subjects is still substantially reduced and delayed as compared with the PERG of younger subjects. This indicates, at least in part, an age-dependent loss of neural activity that can be detected by PERG.
Pattern electroretinogram in early glaucoma
Ventura et al. [13 •• ] recorded the steady-state PERG with the PERGLA paradigm in 200 glaucoma suspects (classified on the basis of optic disc abnormalities and normal visual fields), and in 42 patients with early manifest glaucoma (EMG). The PERG was abnormal in amplitude, phase, or interocular asymmetry in amplitude and phase in 52% of glaucoma suspect patients and 69% of EMG patients [13 •• ] . These results confirm previous data showing a high sensitivity of PERG for glaucoma detection (for example, [9] ). The high frequency of PERG abnormalities in glaucoma suspect patients suggests that many of these patients do not have so-called 'physiological cupping', but rather have a dysfunction of the RGC themselves and/or the circuitry of the inner retina impinging on RGCs. PERG amplitude losses increased with increasing perimetric defects, increasing optic nerve head cupping, and increasing age. Age-related PERG abnormalities were relatively larger in patients with more damaged visual fields and larger cups. Compared to white glaucoma suspects, a lower PERG amplitude was found in black glaucoma suspects and EMG patients, but not in black normal controls [13 •• ] . Based on the association between PERG abnormalities and known risk factors for glaucoma, Ventura et al. [13 •• ] conclude that PERG may have a predictive potential for the development or progression of the disease, or both.
Pattern electroretinogram and perimetry
PERG and perimetry test different aspects of visual function; therefore, PERG and visual field results often dissociate, particularly in the early stages of the disease. The PERG is a direct and objective measure of the electrical activity of the RGC population of the central retina (more than 40% of the total RGC population) in response to a suprathreshold stimulus. PERG is a mass response. Perimetry is a subjective response to focal threshold stimuli covering central and more peripheral retinal regions, which depends on RGC function as well as on other postretinal factors. Postretinal factors may exacerbate the reduction of sensitivity due to RGC loss or even mask it. Exacerbating factors include a geniculate/cortical component resulting from glaucomatous deafferentation [14] , as well as an unspecific cortical component that may further reduce the response owing to a variety of conditions affecting the aging brain. Masking factors include compensatory mechanisms of cortical plasticity that tend to fill in gaps in the visual field caused by glaucomatous deafferentation [15] .
As mentioned above, the PERG is often abnormal when there are no perimetric defects in the central field in ocular hypertension [6] , suspicion of glaucoma [13 •• ], or early manifest glaucoma [9,16 • ]. Here abnormality of PERG signifies a generalized RGC dysfunction, RGC drop out, or a combination of both. The complementary nature of PERG and perimetry was noted in an elegant study by Bayer and collaborators [17] , who concluded that the PERG improved the possibility of short-wavelength automated perimetry (SWAP) to detect glaucomatous optic neuropathy in eyes with primary open angle glaucoma (POAG) but with still normal standard visual fields. An abnormal PERG may also represent a useful parameter to predict future losses of the visual field [18] [19] [20] .
What about when a peripheral defect in the field occurs in the face of a normal PERG? Perimetry may detect an area of peripheral focal field loss in patients when the majority of central RGCs are functioning normally; thus the PERG is expected to be normal. Hood ] also reported comparable percentages of false negatives with 95% specificity in early manifest glaucoma. One explanation is that in normal subjects there is a wide range in the numbers of RGCs from 770 000 to 1.7 million [22] . Consequently, a wide range of PERG amplitudes among control subjects is expected [9, 11, 12] . Hood et al. [16 • ] suggest that, for subjects with high baseline RGC number and PERG amplitude, RGC losses due to glaucoma must be substantial to reduce the PERG amplitude below the lower tolerance interval.
Another appealing explanation for a normal PERG in patients with reproducible visual field loss may be offered by Caprioli et al. [23] , who suggest that distinct types of field loss, diffuse compared with focal, may be caused by different mechanisms of glaucomatous optic nerve damage. A more diffuse loss of visual field sensitivity is hypothesized by the authors to be pressuredependent, and is thought to be secondary to diffuse axonal dysfunction leading to progressive concentric enlargement of the optic nerve cup, and an evenly distributed thinning of the disk rim. Clinicians all too often see glaucoma patients with this type of progressively even cupping in the face of normal visual fields, and we have shown that PERG is often abnormal in such cases, reflecting diffuse RGC dysfunction [13 •• ]. In contrast, a localized type of visual field loss may be less pressure-dependent [23] , and such focal losses are believed to be due to an accelerated ganglion cell death, perhaps owing to vascular or other focal neurotoxic factors, leading to dense scotomata. Where focal scotomata exist in the visual field, the PERG may still be normal if the majority of RGCs are still unaffected. An abnormal PERG is helpful in further raising our suspicion when the visual field is normal, that is, in about 50% of our patients. On the other hand, when the visual field is abnormal, our definition of glaucoma does not require PERG confirmation to declare the disease. A normal PERG in the face of an abnormal field is a reassuring finding to the patient and clinician. A normal PERG means that there exists a relatively large population of functioning RGCs, and herein lies another possible parameter to monitor the patient for progression.
False positive pattern electroretinogram abnormality
Diabetic retinopathy [24] , Parkinson's disease [25] , and macular degeneration [26] depress the PERG. Central cortical or posterior subcapsular cataracts that impair vision may also significantly reduce the PERG amplitude [27] . This represents a limitation for the clinical application of PERG in glaucoma as well as in other diseases of the anterior visual pathway.
Multifocal pattern electroretinogram
In order to establish a more precise relationship between local retinal dysfunction and local field defects, there has been a flurry of activity surrounding the multifocal ERG (MERG) [28] . The MERG stimulus consists of an array of small patches (typically 103 that cover a central area of 48 degrees) that flicker ON and OFF according to a pseudorandom sequence, and elicit spatially localized ERGs. The MERGs are not substantially different in nature from the conventional photopic ERGs, and applications of MERGs in glaucoma have been disappointing. Hood et al. [29] conclude that damage to ganglion cell axons is not a sufficient condition to produce changes in the MERG. In patients with clear abnormalities in MERG waveforms, these changes are poorly correlated with local reductions in field sensitivity.
In order to increase the specificity of the multifocal technique to detect localized retinal dysfunction of RGCs in glaucoma, the stimulus was modified to generate a multifocal PERG (MPERG). Stiefelmeyer et al. [30 • ] recently carried out a study to further determine if the MPERGs are altered in a characteristic manner in glaucoma patients to permit the diagnosis of an abnormality. In agreement with previous studies [31, 32] , Stiefelmeyer et al. [30 • ] reported that no topographic correlation of focally abnormal amplitudes and corresponding localized visual field defects could be shown even for advanced absolute scotomata. In addition, in patients with moderate to advanced glaucoma, the MPERG changes were quite small, and one would expect even smaller changes in pre-perimetric glaucoma. The MPERG, in its current form, does not seem to have a useful clinical application in glaucoma patients.
Metabolically challenging pattern electroretinogram stimulus
In a recent study, Porciatti et al. [33 •• ] showed that the PERG in response to a prolonged presentation of a stimulus that maximizes PERG amplitude [12] (a fine grating pattern of high contrast, reversing 16 times per second) induces autoregulatory changes in RGC activity in normal subjects. Stimuli of comparable characteristics also induce an increase in optic nerve head blood flow [34, 35] . With a continuous presentation of this stimulus, the PERG displays a slow decline of amplitude at constant phase, until reaching a dynamic equilibrium after approximately 2 minutes at a level approximately 30% lower than the initial amplitude. Neural activity has a high metabolic cost [36] , reflected by a local increase in blood flow and in oxygen and glucose consumption [37] . Porciatti et al. [33 •• ] suggest that in RGCs continually exposed to optimal stimuli, the metabolic demand may be larger than the available supply; therefore, RGCs must reduce their activity (reflected in a reduction in PERG amplitude) to maintain a dynamic equilibrium compatible with the energy budget [38] .
The challenge of a prolonged steady-state stimulus might help us to identify those individuals whose PERG fatigues prematurely or excessively. Future studies may indicate whether these individuals are more likely to progress. This may help identify those 10% of patients who progress more rapidly and go on to develop bilateral blindness [39] .
Metabolic challenge may also explain why the steadystate PERG (16 reversals per second) yields a substantially greater reduction in amplitude in patients with glaucoma compared to the standard transient PERG (2 reversals per second) (see Fig. 4 in [9] ). The difference between steady state and transient PERG in glaucoma may be understood assuming that there is a higher energy demand under steady-state conditions that is not met in metabolically compromised glaucomatous retinas.
Retinal ganglion cell activity may be also shown in the diffuse flash electroretinogram While RGCs do not contribute to the conventional flash ERG, under specific recording conditions it is possible to record signals consistent with RGC activity. Viswa-nathan and collaborators [40] first identified the 'photopic negative response' or PhNR, which is a slow (time-to-peak longer than 100 ms) negative potential following the positive b-wave of the ERG in response to a red flash superimposed on a blue background. They suggested that PhNR was caused by RGC activity because it was greatly reduced by pharmacologically suppressing spiking activity with tetrodotoxin (TTX), and it was markedly reduced in monkeys with experimental glaucoma due to IOP elevation. The same group [41] later demonstrated that PhNR and PERG were similarly affected by TTX and experimental glaucoma in monkeys. Colotto et al. [42] demonstrated that the PhNR of the focal ERG and the transient PERG may be similarly affected in human glaucoma.
In patients with ocular hypertension, POAG and normal tension glaucoma (NTG), Aldebasi et al. To elicit the S-cone ERG, they used a blue-green heterochromatic flicker superimposed on a red background. To elicit the (L+M)-cone ERG, they used a red flash on a blue background. Aldebasi et al. [43 • ] found that in ocular hypertension (OHT) and POAG, but not NTG, a reduction in amplitude was noted in the late negative waves of all three types of ERG compared to controls, and this was thought to reflect a reduction in RGC activity. This study shows that in OHT and glaucoma not only is the central PERG abnormal, but also the ERG from the retina as a whole (involving signals from many types of neurons) may be dysfunctional (see also [44] ).
The percentage of amplitude reduction was notably greater for the PERG than for the S-cone or (L+M)cone ERG. Unlike the PERG, which showed an alteration in NTG, the S-cone ERG was not significantly reduced in the NTG group. The authors surmise that the S-cone pathway may be more pressure-sensitive than the (L+M)-cone pathway (see also [45, 46] ). An alternative explanation may be that paracentral defects tend to occur more noticeably in NTG [47] . Since PERG is recorded from the posterior pole, PERG may be more sensitive in detecting paracentral RGC pathology. Aldebasi et al. [43 • ] conclude that selected types of flash ERG could serve as a useful alternative to the PERG in the assessment of clinical glaucomatous neuropathy. This may be particularly helpful in the aging population as the flash-ERG is less affected by cataracts than the PERG. The PhNR technique is a promising but still evolving technology. Future studies are needed to establish its clinical utility in the management of glaucoma.
Impaired retinal ganglion cell activity may improve after intraocular pressure reduction
The PERG amplitude reflects the total amount of electrophysiological activity of RGCs. Reduction of PERG amplitude in glaucoma may be due to lack of activity of dead/missing RGCs, reduced activity of viable RGCs, or a combination of both. Recent results of Ventura and Porciatti [48 •• ] indicate that the abnormal PERG recorded in eyes with early stages of glaucoma may often improve after IOP reduction. This indicates that initial PERG abnormalities reflect, at least in part, RGC dysfunction which may be restored after IOP reduction. Results do not exclude, however, that the PERG effects might also be due to changes occurring in the inner retina that do not directly involve RGCs. Of interest was the fact that PERG improvement after IOP lowering occurred not only in OHT and POAG eyes, but also in NTG eyes. PERG improvements in NTG, compared to POAG eyes, were associated with smaller IOP reductions. These results might be explained by assuming that RGCs of NTG have a lower threshold for IOP insult compared to POAG eyes. Consequently, a pressure-dependent RGC dysfunction occurs at lower IOP levels in NTG compared to POAG, and PERG improvement occurs with smaller IOP reductions.
In addition to IOP lowering, PERG improvement appears to depend on other factors. First, in order to have a substantial improvement, the PERG must be abnormal. No significant changes occur in treated normal subjects [48 •• ] . In addition, initial PERG abnormality in glaucoma patients had to be associated with normal or early altered visual fields. Conversely, little PERG improvement occurred in eyes with severe visual field defects [48 •• ] . A possible explanation for the interaction between PERG improvement and the extent of visual field loss would be that in eyes with a 'more' preserved visual field there exists a larger population of RGCs with reversible dysfunction compared with advanced disease states. That PERG abnormality is reversible implies that in the early stages of glaucoma RGC dysfunction may precede RGC death.
This conclusion of RGC dysfunction before death is an apparent contradiction to the current opinion that structural changes of the optic nerve fiber layer precede the appearance of visual dysfunction, as measured by standard automated perimetry [49, 50] . It is possible that viable RGCs may display subtle anatomical changes that are not reflected in the number of RGC axons, but may manifest themselves in an altered electrical responsiveness. In primate models of glaucoma, it has been shown that somata and dendritic arbors of RGCs may undergo significant shrinkage [51, 52] . Shrunken RGCs are less responsive, particularly to patterned sti-muli as well as to stimuli presented at increased temporal frequencies [53 •• ] .
Conclusion
In summary, PERG is a useful clinical tool. When abnormal, PERG further raises suspicion, and may predict the development of future visual field defects [18] . Abnormal PERG may also predict progression in patients with early visual field loss [20] , and even provide unique information on the efficacy of treatment based on reversal of dysfunction [48 •• ] . Earlier treatment may spare neurons from premature RGC death, and older patients from greater degrees of visual loss. The more advanced the glaucoma, the lesser the chances for reversal of dysfunction.
When the PERG is normal, glaucoma is not ruled out, and the clinician should maintain the level of suspicion engendered by all of the risk factors at hand. The PERG should not serve as a substitute for perimetry in screening for glaucoma, but should be used as a complement when fields are normal, yet an increased suspicion is unsettling. A normal PERG is useful in reassuring clinicians and patients that a major RGC population is still alive and functional, and may be followed for deterioration as a marker for progression.
